The Frank -Starling mechanism is a fundamental property of the vertebrate heart, which allows the myocardium to respond to increased filling pressure with a more vigorous contraction of its lengthened fibres. In mammals, myocardial stretch increases cardiac nitric oxide (NO) release from both vascular endothelium and cardiomyocytes. This facilitates myocardial relaxation and ventricular diastolic distensibility, thus influencing the Frank -Starling mechanism.
INTRODUCTION
A fundamental property of the vertebrate heart is the Frank-Starling mechanism (heterometric regulation), which allows the myocardium to respond to increased venous return (preload) with a more vigorous contraction of its lengthened fibres, performing more work through augmented stroke volume (SV) and consequent cardiac output (CO). This rapidly occurring stretch-related increase in developed force has been attributed to a length-dependent increase in cross-bridge formation and myofilament calcium responsiveness (Katz 2002) .
In mammals, myocardial stretch increases cardiac nitric oxide (NO) release from both vascular endothelium and cardiomyocytes (Pinsky et al. 1997; Petroff et al. 2001; Balligand et al. 2009 ) facilitating myocardial relaxation, ventricular diastolic distensibility and hence the Starling response . In the past, the effect of NO on preload-induced increases in CO has been attributed to a paracrine effect of endothelialderived NO on myofilament Ca 2þ sensitivity secondary to troponin I phosphorylation by the cGMP-dependent protein kinase G (PKG) (Prendergast et al. 1997) . Accordingly, Layland et al. (2002) showed that phosphorylation of troponin I increased in the presence of NO donors, this being associated with increased diastolic cell length and accelerated myocyte relaxation. More recently, an autocrine pathway of NO, related to the specific subcellular localizations and regulation of the different isoforms involved in the production of NO and in its target proteins, has also been described (for references, see Seddon et al. 2007) . Even though the relative autocrine role of nitric oxide synthase (NOS) isoforms in the cardiomyocyte remains to be fully clarified, there is evidence in mammals that both myocardial endothelial NOS (eNOS) and neuronal NOS (nNOS), through cGMP-independent mechanisms, modulate the preload-induced increase of the contractile force. In details, it has been suggested that the autocrine nNOS, first observed in the sarcoplasmic reticulum (SR) (Xu et al. 1999) and subsequently also found bound to sarcolemmal membrane proteins (Williams et al. 2006) , mainly promotes left ventricular relaxation by regulating the protein kinase A (PKA)-mediated phosphorylation of phospholamban (PLN) and the rate of SR Ca 2þ reuptake by SR Ca 2þ ATPase (SERCA2a) (Zhang et al. 2008) . On the other hand, myocardial eNOS, mostly expressed into caveolae, a site where several signal transduction pathways have been shown to be modulated by NO (reviewed in Shaul 2002) , primarily mediates the inotropic response to sustained stretch through a mechanism which involves S-nitrosylation of thiol residues in the Ryanodine receptors Ca 2þ release channels (Massion et al. 2005) . In addition, Froehlich et al. (2008) have recently shown that nitroxyl may stimulate SERCA2a pumps activity by modifying critical thiol residues in its regulatory protein PLN.
As in mammals, also in fishes the end-diastolic volume and the consequent stretch-related increase in developed force is a key regulator of cardiac performance; however, unlike mammals, fishes respond to different hemodynamic loads increasing CO mainly through an increased SV rather than heart rate (HR) (Tota & Gattuso 1996; Olson 1998 ). This elevated sensitivity of the fish hearts to the Starling response, well documented in both temperate eurytherm and cold-adapted teleosts (gilthead seabream, Icardo et al. 2005; eel, Imbrogno et al. 2001; icefish, Tota et al. 1991) , has been in part attributed to a greater myocardial extensibility of the highly trabeculate fish heart, coupled to a maintained increase in myofilament Ca 2þ sensitivity over a large range of sarcomere lengths (Di Maio & Block 2008; Shiels & White 2008) .
It is interesting to note we have previously documented that in the eel A. anguilla heart, used as a paradigm of a highly trabeculate and endoluminally supplied cardiac design (Tota et al. 1983 ), a basal release of endogenous NO increases the sensitivity of the Frank-Starling response (Imbrogno et al. 2001) . These studies using avascular working heart preparations, including the amphibian heart (Sys et al. 1997) , showed that this effect cannot be attributed to a rise in coronary flow or to factors released from vascular tissues. However, neither the NOS isoforms involved nor the mechanism of NO action was directly addressed.
Therefore, the aim of this work was to investigate the mechanism through which NO modulates cardiac performance in the isolated and perfused working heart of the European eel A. anguilla under loading conditions. As in previous studies (Imbrogno et al. 2001 (Imbrogno et al. , 2003 (Imbrogno et al. , 2004 (Imbrogno et al. , 2006 , we took the advantage of using eel hearts in which the heart is mostly perfused endoluminally (lacunary intracardiac supply) so that the nitrergic influences on myocardial performance can be directly assessed, independently from both the coronary reactivity and the vascular endothelium-produced NO, typical of mammalian paradigms. We demonstrate, to our knowledge, for the first time in a lower vertebrate heart, that the nitrergic modulation of the Frank-Starling response neither involves the endocardial endothelium (EE)/ cGMP/PKG and cAMP/PKA pathways nor the Ryanodine receptors and L-type calcium channels, but acts through an Akt-mediated activation of eNOS-dependent NO production, which through PLN-S-nitrosylationdependent mechanism can modulate the rate of SR Ca 2þ reuptake and thus myocardial relaxation. Conceivably, this mechanism represents an important evolutionary step for the stretch-induced intrinsic regulation of the vertebrate heart.
MATERIAL AND METHODS (a) Animals
We used specimens of freshwater European eel (A. anguilla L.), weighing 78.5 + 2.3 g (mean + s.e.m., n ¼ 98). Fish were provided by a local hatchery and kept at room temperature (18 -208C) for 5-7 days. Each eel was anaesthetized with tricaine methane sulphonate (Sigma Chemical Co., St Louis, MO, USA). In accordance with the accepted standards of animal care, the experiments were organized to minimize stress and number of animal used.
(b) Isolated and perfused working heart preparations The hearts, removed and cannulated, were transferred to a perfusion chamber filled with Ringer's solution and connected to a perfusion apparatus as described by Imbrogno et al. (2001) . Experiments were carried out at room temperature (18-208C). For paced experiments, hearts were stimulated with an LE 12006 stimulator (frequency identical to that of control, non-paced hearts; pulse width fixed at 0.1 ms; voltage: 1.2 + 0.1 V, means + s.e.m.).
(c) Calculations HR was calculated from pressure recording curves. CO was collected over 1 min and weighed; values were corrected for fluid density and expressed as volume measurements. The afterload (mean aortic pressure) was calculated as two-thirds diastolic pressure plus onethird maximum pressure. SV (ml kg
21
; CO/HR) was used as a measure of ventricular performance; changes in SV were considered to be inotropic effects.
(d) Experimental protocols (i) Basal conditions Isolated perfused hearts were allowed to maintain a spontaneous rhythm for up to 15 -20 min. In all experiments, the control conditions were a mean output pressure of about 3.00 kPa, with a CO set to 10 ml min 21 kg body mass by appropriately adjusting the filling pressure. These values are within the physiological range (for references, see Imbrogno et al. 2001 ).
(ii) Drug application After the 15 -20 min of control period, hearts were perfused for 20 min with Ringer's solution enriched with S-nitroso-N-acetyl penicillamine (SNAP) or Ryanodine (RYR) or Thapsigargin at increasing concentrations to construct cumulative concentration -response curves.
(iii) Frank -Starling response To assess the interaction between NO and the FrankStarling response, a Starling curve was generated (baseline condition). After baseline assessment, the input pressure was returned to the control condition and a second Starling curve was generated in the presence of the nNOS inhibitors vinyl-L-N-5-(1-imino-3-butenyl)-L-ornithine (L-VNIO) and 7-nitroindazole (7-NI), the NO donor SNAP and its non-nitrosylated parent molecule N-acetylpenicillamine (NAP), the phosphatidilinositol-3-kinase (PI3K) antagonist Wortmannin, the cGMP analogue 8-bromoguanosine 3 0 ,5 0 -cyclic monophosphate (8-Br-cGMP), the soluble guanylyl cyclase (sGC) specific inhibitor 1H-(1,2,4)oxadiazole-(4,3-a)quinoxalin-1-one (ODQ), the PKG and the PKA antagonists KT 5823 and KT 5720 , respectively, the cGMP-inhibited PDE3 blocker Milrinone, and after inhibition of L-type calcium channels by Diltiazem, or Ryanodine receptors by RYR, or SERCA2a pumps by Thapsigargin. In addition, the Frank-Starling response was also studied after inducing functional damage of the ventricular EE with the detergent Triton X-100. After baseline curve, 0.1 ml of Triton X-100 at a concentration of 0.05 per cent was injected through a needle inserted into the posterior ventral region of the ventricular wall (for further details, see Imbrogno et al. 2001 ).
The time factor (i.e. the 'memory' of the heart) of loading stimulation was excluded according to our previous studies (Imbrogno et al. 2001 (Imbrogno et al. , 2003 .
(iv) Western blotting To compare the differences in the protein expression pattern, eel ventricle samples (n ¼ 3 for each condition) were rapidly immersed in liquid nitrogen and stored at 2808C. The ventricles were prepared according to Amelio et al. (2006) . The proteins were separated on 6 per cent SDS -PAGE gels (for eNOS and phosphoeNOS detection) or 15 per cent SDS -PAGE gels (for phospho-Ser 16 PLN), transferred to membrane, blocked with non-fat-dried milk and incubated overnight at 48C with polyclonal rabbit anti-eNOS antibody (Sigma) or polyclonal rabbit anti phospho-eNOS antibody (Santa Cruz Biotechnology) or polyclonal rabbit anti phosphoSer 16 PLN antibody (Santa Cruz Biotechnology) diluted 1 : 500 in TBS-T containing 5 per cent non-fat dry milk. The anti-rabbit secondary antibody peroxidase linked (Amersham) was diluted 1 : 5000 in TBS-T containing 5 per cent non-fat dry milk.
(v) Biotin switch assay Ventricles were homogenized on ice in 20 mM Tris pH 7.5, 150 mM NaCl, 1 per cent Igepal CA 630, 0.5 per cent sodium deoxycholate, 1 mM EDTA, 0.1 per cent SDS, 200 mM sodium orthovanadate and Protease Inhibitor Cocktail, using a polytron tissue grinder. The homogenate was centrifuged at 48C for 40 min at 13 000g. The supernatant containing cytosolic proteins was collected and proteins were quantified with Bradford reagent; the pellet containing membrane proteins was resuspended in homogenization buffer and proteins were quantified with Bradford reagent.
The biotin switch assay was performed as previously described ( Jaffrey & Snyder 2001) .
To detect biotinylated proteins, samples from the biotin switch assay were separated on 15 per cent SDS -PAGE gels, transferred to membrane, blocked with non fat dried milk and incubated with streptavidin-peroxidase diluted 1 : 5000 for 1 h. In additional experiments, the membrane for S-nitrosylation detection was stripped and reprobed using an anti-PLN antibody (Santa Cruz Biotechnology).
(vi) Immunodetection and densitometric analysis The immunodetection was performed using an enhanced chemiluminescence kit (ECL PLUS, Amersham). Autoradiographs were obtained by exposure to X-ray films (Hyperfilm ECL, Amersham). Immunoblots were digitalized and the densitometric analysis of the bands was carried out using NIH IMAGE 1.6 for a Macintosh computer based on 256 grey values (0 ¼ white; 256 ¼ black).
(e) Statistics Percentage changes were evaluated as means + s.e.m. of percentage changes obtained from individual experiments. Because each heart acted as its own control, the statistical significance of differences within group was assessed using the paired Student's t-test (p , 0.05). Comparisons between groups were made using two-way analysis of variance (ANOVA). Significant differences were detected using Duncan's multiple-range test (p , 0.05).
The results of absorbance measurements and the grey values obtained from the densitometric analysis were expressed as means + s.e.m. of determinations for each sample. To test the difference between the groups, Student's t-test was performed. Statistical significance was established at p , 0.001.
(f ) Drugs and chemicals 8-Br-cGMP, ODQ, KT 5720 , NAP and Triton X-100 were purchased from Sigma Chemical Company. RYR, Wortmannin, Diltiazem, KT 5823 and Thapsigargin were purchased from Calbiochem (Milan). L-VNIO, 7-NI and SNAP were purchased from Vinci-Biochem (Florence).
RESULTS (a) Effects of S-nitroso-N-acetyl penicillamine and nitric oxide synthase inhibition
We have previously reported that intracardiac NO increases the sensitivity of the in vitro eel heart to filling pressure changes. This was demonstrated by the reduction of the preload-induced increases of SV obtained in the presence of the NOS inhibitor L-N 5 (1-iminoethyl) ornithine (L-NIO) (Imbrogno et al. 2001) . To establish whether exogenous NO also affects the preload response, this was evaluated before and after treatment with the NO donor SNAP (10 29 M). Pre-treatment with SNAP induced a significant increase of Starling response (figure 1a). Of note, the non-nitrosylated parent molecule of SNAP, NAP (10 29 M) did not modify Starling response (at the max preload of 0.6 kPa, the percentage increment of SV was 214 + 32% in NAP-treated hearts versus 222 + 28% for control). Under basal conditions, SNAP decreased SV, the effect being significant from 10 211 M (figure 1b).
To discriminate the NOS isoform involved in the NOdependent modulation of Frank-Starling response, heart preparations were exposed to two specific nNOS antagonists, L-VNIO (10 25 M) and 7-NI (10 25 M). nNOS inhibition did not influenced the response to preload changes, ruling out the involvement of nNOS and supporting a role for eNOS. At the max preload of 0.6 kPa, the percentage increments of SV were: 154 + 22% in L-VNIO-treated hearts versus 167 + 19% for control; 148 + 22% in 7-NI-treated hearts versus 172 + 28% for control.
(b) Role of endocardial endothelium-dependent nitric oxide production The heart of A. anguilla possesses a highly trabeculated ventricle with an extensive EE surface that, being an important source of NO, modulates basal and chemically stimulated cardiac performance (Imbrogno et al. 2001 , NO and Starling response in fish F. Garofalo et al. 4045 2003) . To assess the role of EE-derived NO on the eel heart response to preload, double Starling curves were generated in the presence of Triton X-100. The EE impairment caused by Triton X-100 (0.05%) did not modify the response to preload increases, thus excluding an EE source of NO in the short-term nitrergic modulation of Starling response (at the max preload of 0.6 kPa, the percentage increment of SV was 206 + 38% in Triton-treated hearts versus 207 + 21% for control).
(c) Preload-induced endothelial nitric oxide synthase activation It has been reported in mammals that stretching of cardiac muscle induces a PI3K-dependent phosphorylation of the eNOS (Petroff et al. 2001) . This mechanism, which involves membrane caveolae (regarding their occurrence in fish heart, see Di Maio & Block 2008) and cytoskeleton , causes a sustained increase in enzyme activity, probably by reducing the dissociation of calmodulin from activated eNOS (McCabe et al. 2000) , thus enhancing NO production. To verify our hypothesis, i.e. the PI3K involvement in the preload-induced NO production, we studied the Frank -Starling response before and after treatment with the PI3K antagonist Wortmannin (10 29 M). The results obtained showed a significant decrease of Starling response, suggesting that also in the eel, mechanical stimuli could activate, via a PI3K-dependent pathway, the release of NO, which in turn modulates the cardiac heterometric mechanism (figure 2a).
(d) Phospho-endothelial nitric oxide synthase expression Western blotting analysis showed the presence of phopsho-eNOS in the hearts of A. anguilla either under basal conditions (physically unstimulated hearts) or after Starling response or after Starling response performed in the presence of Wortmannin (10 29 M). In fact, an immunoreactive band of approximatively 140 kDa, corresponding to the known p-eNOS molecular weight, was detected. The p-eNOS expression has been normalized by Western blotting analysis performed on the same extracts incubated with polyclonal anti-eNOS antibody (figure 2b). Densitometric quantification of the blots revealed an increase of 22 per cent (p , 0.001) of phospho-eNOS expression after the Starling response with respect to basal conditions. This value significantly decreased by 17 per cent (p , 0.001) when Starling curves were performed after Wortmannin treatment, showing a non-significant decrement of 1.5 per cent with respect to basal conditions (figure 2c).
(e) Nitric oxide intracellular signalling (i) Role of cyclic guanosine monophosphate-mediated pathways In the heart, NO is known to activate sGC to produce cGMP, which in turn may signal through the cGMPdependent PKG or by modulating PKA via the cGMP-modulated phosphodiesterases of cAMP (PDE). We have previously shown that also in the working eel heart, intracardiac NO exerts an important modulation of mechanical performance via sGC signalling (see Imbrogno et al. 2001 Imbrogno et al. , 2003 Imbrogno et al. , 2004 Imbrogno et al. , 2006 . Of note, treatments with either a specific inhibitor of sGC ODQ (10 25 M), or with the cGMP-activated PKG inhibitor KT 5823 (10 26 M), or with cGMP analogue 8-Br-cGMP (10 26 M), or with KT 5720 (10 26 M) had no effects on the Frank -Starling response. At the max preload of 0.6 kPa, the percentage increments of SV were: 174 + 21% in ODQ-treated hearts versus 198 + 23% for control; 176 + 20% in 8-Br-cGMP-treated hearts versus 164 + 11% for control; 180 + 16% in KT 5823 -treated hearts versus 200 + 8% for control; 204 + 45% in KT 5720 -treated hearts versus 211 + 20% for control (see the corresponding figure in the electronic supplementary material). Similarly, block of the cGMP-inhibited PDE3 with Milrinone (10 26 M) (data not shown) had no influence on the eel heart response to preload increases. Taken together, these findings exclude the involvement of cGMP signalling downstream of myocardial NO production in the nitrergic modulation of the Frank -Starling response.
(ii) Role of calcium Recent literature in mammals has designed NO as a key modulator of Ca 2þ cycling in the stretched myocytes. Under stretch conditions, NO through S-nitrosylation of reactive thiols has been shown to stimulate L-type Ca 2þ channel function (Sun et al. 2006) and to enhance the Ryanodine receptor open probability (Petroff et al. 2001) . Moreover, by activating SERCA2a pumps, it can increase calcium reuptake into the SR (Massion et al. 2005) .
In the eel heart, the role of Ca 2þ in response to preload increases was pharmacologically tested before and after treatment with inhibitors of either L-type calcium channels (Diltiazem, 10 27 M) or Ryanodine receptors (RYR, 10 27 M) or SERCA2a pumps (Thaspigargin, 10 27 M). While RYR and Diltiazem pre-treatments did not influence the preload-induced increases in SV, Thapsigargin significantly reduced them, suggesting that the nitrergic modulation of the Frank-Starling response in the eel heart occurs via an NO modulation of the rate of SR Ca 2þ reuptake (figure 3a -c). Under basal conditions, RYR significantly decreased SV at the concentration of 10 27 M (data not shown); on the contrary, Thapsigargin per se did not modify basal mechanical performance (figure 3d). Concentration-response curves for Diltiazem significantly decreased SV from the concentration of 25 Â 10 29 M (Imbrogno et al. 2004 ).
(f) Analysis of S-nitrosylated proteins To assess whether the Starling response induces protein S-nitrosylation in the perfused hearts, using the biotin switch method, we analysed the pattern of proteins containing S-nitrosylated cysteines in homogenates of control hearts and Starling-treated hearts. The analysis of S-nitrosylated proteins in the eel cardiac tissues clearly revealed that stretch increases the degree of S-nitrosylation of a broad range of proteins. This range includes the protein band that migrates at the same location where PLN was determined by Western blot, as a monomer (6 kDa), dimer (12 kDa) and pentamer (30 kDa) (figure 4a). Densitometric quantification of the blots revealed statistically significant differences between control hearts and preload-treated hearts (figure 4b). The increment in the S-nitrosylation signal at this precise location was corroborated using an anti-PLN antibody (figure 4c).
(g) Phospho-Ser 16 -phospholamban expression Western blotting analysis showed the phosphorylation of PLN in the Starling-treated hearts. A band of approximatively 6 kDa, corresponding to the PLN monomer molecular weight, was detected (figure 4d). The densitometric analysis of the intensity signal is shown in figure 4e.
DISCUSSION
Using the in vitro working heart of the eel A. anguilla, in which the influences of coronary reactivity and vasculargenerated autacoids (e.g. NO) are excluded, we demonstrate that the endogenous NO-induced modulation of the Frank-Starling response involves an Akt-mediated activation of eNOS, is independent from the cGMP/PKG and cAMP/PKA pathways, as well as from Ryanodine receptors and L-type calcium channels, (Imbrogno et al. 2001) , showing that another NO donor, 3-morpholinosydnonimine (SIN-1), at the same concentrations induced effects of similar magnitude. The confirmation in the eel heart that NO tonically modulates mechanical performance in absence of loading and agonists stimulations is an important point in view of the apparently contrasting findings on the NO-induced contractile myocardial effects, probably owing to species-related differences and also to problems related to the kind of experimental design employed (Shah 1996; Tota et al. 2005) . The lower vertebrate avascular heart preparations, working 'physiologically' (reproducing the haemodynamic responses of the in vivo heart), free of extrinsic nervous and humoral influences, appear well suited to analyse directly the cardiac autocrine/paracrine NO role (Imbrogno et al. 2001 (Imbrogno et al. , 2003 Acierno et al. 2008) .
The significant differences between the Starling curves obtained with and without the exogenous NO donor SNAP (10 29 M), evaluated by two-way ANOVA analysis, but not with the non-nitrosylated analogue of SNAP, NAP (10 29 M), highlight the relevance of the nitrergic modulation of the cardiac heterometric mechanism in the eel. Noteworthy, however, some controversy about the interpretation of the NO-elicited effects has been recently related to the use of NO donors as experimental tools, since these agents may not necessarily reproduce the physiological effects of the constitutively expressed NOSs, which generate NO in a temporally and spatially restricted manner and also depend upon the specific stimulus for NO release (Zhang et al. 2008 and references therein) . Therefore, to study the NO-activated downstream transduction mechanism in response to stretch, we focused our attention on the endogenously produced NO, deliberately avoiding the use of NO donors.
(b) Stretch-dependent activation of endothelial nitric oxide synthase In mammals, the stretch-induced NO modulation of cardiac performance has been ascribed to NO generation by both the constitutive NOS isoforms (eNOS and nNOS) (Massion et al. 2005) . In the eel, we observed that while pre-treatment with an unspecific NOS inhibitor, L-NIO, significantly reduced the preload-induced increase in SV (see Imbrogno et al. 2001) , this was not influenced by the two nNOS antagonists L-VNIO and 7-NI, ruling out the nNOS involvement while supporting a role for eNOS. In line with these results, Tota et al. (2005) reported the presence of eNOS, but not of nNOS, in the ventricular myocardium of the eel. Although these results do not allow us to exclude the presence of nNOS in the eel myocardiocytes, they, however, suggest an exclusive involvement of eNOS in the Frank -Starling response. Interestingly, while myocardial nNOS is considered to exert a primary role in the regulation of basal and adrenergically stimulated contractions, eNOS seems preferentially activated by mechanical stimuli, acting as a major myocardial regulator in the stretch-induced response (Sears et al. 2004 and references therein).
The exact mechanism responsible for the stretchinduced augmentation of NO production in mammals has not yet been completely elucidated, however there is evidence suggesting an implication of a tyrosine kinase inhibitor-sensitive pathway, involving membrane caveolae and cytoskeleton . In the teleost heart, the presence of caveolae, junctional SR profiles and the network of free SR has been described in detail by Di Maio & Block (2008) . It is known that the serinethreonine kinase Akt phosphorylates eNOS in vitro as well as in vivo (Dimmeler et al. 1999) , thereby causing a sustained increase in the enzyme activity (McCabe et al. 2000) . Also nNOS possesses an Akt phosphorylation motif, but the phosphorylation effects on enzyme activity are inconsistent or mostly inhibitory (Dinerman et al. 1994) . On the basis of this mammalian framework, we found that in the eel heart, the nitrergic modulation of the Starling response involves a PI3K-Akt-mediated phosphorylation of eNOS. This was demonstrated by the significant reduction of Starling response observed after inhibition of PI3K by Wortmannin pre-treatment and further confirmed by Western blotting analysis on heart homogenates incubated with anti phospho-eNOS antibody, showing a significant increase in the phosphorylated isoform in Starling-treated hearts with respect to the basal conditions. In addition, the loss of phospho-eNOS expression increment in the Starling-treated hearts in presence of Wortmannin strongly supports the hypothesis of a stretch-induced PI3K-Akt-eNOS pathway.
(c) Intracellular signalling and nitric oxide downstream effectors Several in vitro (Paolocci et al. 2000) and intact animal (Preckel et al. 1997 ) studies suggested that both cGMPdependent and -independent mechanisms contribute to the NO-mediated influence on myocardial function. NO activates sGC by binding to its haeme moiety, leading to cGMP production, consequent PKG activation and a cascade of biological signalling events (Layland et al. 2002) . Moreover, NO can react with thiol residues of numerous compounds or proteins. cGMP/PKG activation is considered a major transduction pathway for NO cardiac regulation, whereby, among other effects, it induces myofilament desensitization to Ca 2þ , thought to be responsible for accelerated myocardial relaxation through troponin I phosphorylation at Ser23/24 (Layland et al. 2002) . In the working eel heart, the NO-induced cGMP-PKG pathway remarkably modulates mechanical performance (see, for references, Tota et al. 2005) . For example, it tonically decreases SV either under basal condition (Imbrogno et al. 2001) or following endoluminal chemical stimulations of AT 1 angiotensin II receptors (Imbrogno et al. 2003) , or b 3 adrenergic receptors (Imbrogno et al. 2006) , or exposure to the anti-adrenergic cardio-inhibitory peptide vasostatin I (Imbrogno et al. 2004) . Importantly, however, the present data strongly suggest that the cGMP-PKG mediated mechanisms are not involved in the eel heart under loading conditions, since the Frank-Starling response is not influenced by pre-treatment with either the sGC inhibitor ODQ or the cGMP analogue 8-Br-cGMP or the PKG antagonist KT 5823 . This, together with the data that exclude the involvement of the EE in the stretch-induced NO production, implies the activation of different cardiac NO-signal processes, such as those related to NOS isoforms compartmentation and differences in their mode of stimulation, as well as the diffusion distance of NO within intra-myocyte molecular targets and final effectors, all of which providing now the rationale for resolving previous contradictions existing in NO cardiac biology (Seddon et al. 2007) . Recent evidence in mammals has designated NO as a key modulator of Ca 2þ cycling in the stretched myocytes. In rat LV myocytes, stretch-induced increase in intracellular Ca 2þ transient appears correlated to an increase in Ryanodine receptors open probability and SR Ca 2þ release, an effect attributed to a direct S-nitrosylation of reactive thiols associated with a stretch-induced NO production (see for references). NO-induced regulation of calcium entry on a beat-tobeat basis is also suggested by S-nitrosylation of thiols on L-type Ca 2þ channels associated with modulation of their calcium current and of the amplitude of contractile shortening . That myocardial NO production by nNOS and/or eNOS may tonically stimulate SERCA2a activity is also supported by an NO-dependent myocardial relaxation associated with SERCA2a-induced increase in calcium reuptake into the SR (Massion et al. 2005) , as well as by a decrease in both SR Ca 2þ -ATPase activity and Ca 2þ uptake in SR microvescicles from nNOS and/or eNOS knockout mice (Zhou et al. 2002) .
Interestingly, the idea that NO may influence SERCA2a activity is also now supported in the eel heart by our results, which therefore suggest that this NO-signalling mechanism has been maintained over evolutionary time, being properly integrated into an established developmental and physiological cardiac system. In fact, we observed that the preloadinduced increases in SV were not significantly affected by pre-treatment with Diltiazem or RYR, excluding a role for both L-type and RYR calcium channels, respectively, while they were significantly reduced by Thapsigargin-dependent inhibition of SERCA2a pumps. Although calcium transients were not directly measured in this study, we hypothesize that the effects of NO on the stretch-dependent increase in SV is primarily attributable to a quickening of calcium removal and thus of muscle relaxation.
The cardiac Ca-ATPase, SERCA2a, is regulated by PLN, a small membrane protein which, in its dephosphorylated state, inhibits SR Ca 2þ sequestration by SERCA2a (Kimura et al. 1997) . As supported by mutagenesis studies, the PLN monomer is the active isoform, dissociates from the pentamer, which acts as a reservoir of monomers, binds to SERCA2a and inhibits the pump by direct protein interaction (Reddy et al. 1999) . PLN phosphorylation at Ser16 by PKA relieves its inhibitory action on SERCA2a, causing an increased rate of myocardial relaxation (Schmidt et al. 2001) . However, recent evidence suggests an alternative, phosphorylation-independent mechanism of SERCA2a-regulated Ca 2þ reuptake. In fact, Froehlich et al. (2008) showed that activation of SERCA2a could be achieved by modifying critical thiol residues in the PLN, which through protein conformation change relieves the inhibition of the pump. In particular, the covalent adduction of a nitroso group to a cysteine thiol side chain has recently emerged as a major mechanism by which NO mediates a large number of intracellular processes (Hess et al. 2005) and an increase in proteins S-nitrosylation by NO was recently observed, also in eel cardiac tissues (Cerra et al. 2009 ).
In the fish heart, both the presence of PLN in myocyte SR and the role of PLN phosphorylation in SERCA2a activation have been reported (Will et al. 1985; Castilho et al. 2007 ), but the role of PLN S-nitrosylation in the pump activation is heretofore completely unknown. As in mammals, also in fish, the amino acid sequence of PLN (see GenBank accession numbers for zebrafish: XM_701636.1 and puffer fish: CAG06667, DeWitt et al. 2006) includes cysteine residues, which are a potential target for S-nitrosylation. Using the biotin switch method (Jaffrey & Snyder 2001) , we demonstrated, to our knowledge, for the first time in a non-mammalian heart, that preload increases can induce a S-nitrosylation of PLN. Moreover, Western blotting analysis showed a Starlinginduced phosphorylation of PLN monomeric form (figure 4d). These results suggest that in fish heart, in conjunction with the classical PLN phosphorylationdependent pathway, the SERCA2a pump catalytic efficiency can be directly modulated by NO through a mechanism which involves PLN S-nitrosylation. The possibility that, in addition to a nitrosylation of PLN, NO may directly inactivate specific phosphatases (Zhang et al. 2008) could also account for the Starling-induced phosphorylation of PLN. This issue challenges further study.
In conclusion, the present study demonstrates the existence of an important nitrergic modulation of the Frank-Starling response in the fish heart, which occurs via a cGMP-independent pathway, involves an Aktmediated activation of eNOS-dependent NO production that, in turn, modulates the rate of SR Ca 2þ reuptake through PLN S-nitrosylation. This supports the hypothesis that in the fish heart the 'beat-to-beat' regulation, i.e. the principal mechanism of intrinsic regulation of CO, is directly modulated by myocardial autocrine NO through a nonclassical signalling that by-passes the activation of transduction cascades and the involvement of second messengers. Therefore, the challenging question arises whether, and to what extent, this mechanism represents an old evolutionary fish-specific or, instead, a well conserved (for its importance) universal trait of the vertebrate heart. Since, despite the rapidly growing number of data published on NO biology during the last 20 years, about 99 per cent of the studies are referred to (few) mammalian species (Moroz & Kohn 2007 ), here we propose that the investigation of evolutionary models, commonly recognized as 'non-model species', can provide highly useful natural tools to enhance our multilevel phylogenetic and molecular understanding regarding the involvement of myocardial S-nitrosylation processes in the NO-modulated regulation of the vertebrate heart.
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